The purpose of this study was to examine the effect of anastomotic angle on the flow patterns and wall shear distributions at the distal anastomosis of a left interior mammary artery (LIMA) graft to the left anterior descending artery (LDA). It is now well recognized that abnormal wall shear stress distributions along the anastomotic bed, around the toe, and around the heel can contribute to the focal development of intimal hyperplasia. However, the exact nature of the interaction between the dominant pulsing flow and the anastomotic angle on wall shear stresses has not been fully investigated numerically. In this study a commercial CFD package was used for three-dimensional flow analysis where the pulsatile waveforms and flowrates used as the boundary conditions are representative of an anastomosed left internal mammary artery and a stenosed left anterior descending coronary artery (intermediate, <70 per cent diameter narrowing). The flow patterns and distributions of time-averaged wall shear stress (TAWSS) and the oscillatory shear index (OSI) for three anastomotic angles of 20, 40, and 60°were evaluated and compared with other published data. The findings indicated that transient, highly disturbed flow patterns occurred in localized regions of the proximal and distal native segments and in the anastomotic domain including recirculation zones, moving points of stagnation, and oscillating wall shear stresses mainly on the bed, at the toe, and at the heel. Moreover, higher anastomotic angles resulted in more extreme variations in TAWSS and OSI values, particularly around the toe and along the bed. In addition, the effect of anastomotic angle on OSI values at the heel followed the same pattern whereas the TAWSS values along the graft at the heel showed a significant increase at the lowest anastomotic angle of 20°.
INTRODUCTION
short-term patency, i.e. from 6 to 12 months, can occur owing to the focal development of anastomotic intimal hyperplasia [4] [5] [6] . Surgical injury aggravated Coronary artery bypass graft (CABG) surgery is a by compliance mismatch between the graft and artery common procedure for patients with significant has been suggested as an initiating factor for progress stenosis; however, the patency of the bypass varies of wall thickening along the suture line [6] [7] [8] . However, with the choice of blood vessel(s) used for the studies of wall mechanics and fluid dynamics in revascularization [1] . The saphenous vein, the radial distal anastomoses [6, 7, 9] point toward localized artery, and the internal mammary artery have been development of intimal hyperplasia as a consequence used widely as coronary bypass grafts with excellent of physiological remodelling in response to abnormal results being reported when the left interior mammary conditions of flow and/or wall stresses. artery (LIMA) is anastomosed to the left anterior
The focal development of intimal hyperplasia in descending artery (LAD) [2, 3] . Bypass failure and CABGs on the floor or bed of the anastomosis and low velocity regions and recirculation zones result In vitro studies and numerical flow simulations have established that geometric features such as in oscillatory, low, wall shear stresses [11] [12] [13] . It graft-to-artery diameter, anastomotic angle, and is widely accepted that these flow conditions at junction shape and vessel curvature exert signifithe wall promote intimal thickening in arteries and cant influence on haemodynamics [19, 29, 31-34]. bifurcations [14] [15] [16] . The role of wall shear stress Geometric features vary widely depending on the (WSS) and of WSS gradients on endothelial cell coronary system receiving the graft and the source function and the mechanisms by which endothelial of graft flow. The effect of a flow-streamlining cells transduce atheroprotective forces has been implant at the distal anastomosis of a saphenous-vein reviewed recently [17] . The oscillatory shear index CABG has been reported [35] to reduce the strong (OSI) and the time-averaged wall shear stress secondary flows associated with distorted junction (TAWSS) magnitude have been proposed as two geometry of a similar veno-arterial anastomosis. quantitative predictors of sites susceptible to intimal However, the literature suggests that the twin problem hyperplasia and atherogenesis. Two haemodynamic of determining the correct three-dimensional static wall parameters based upon TAWSS gradients have mean lumen geometry of the CABG and the correalso been proposed as measures of non-uniform sponding physiologically correct graft and artery flow flow conditions at the artery wall [18] [19] [20] . These waveform remains a challenge. parameters relate to the magnitude of WSS spatial gradients and spatial variations in mean WSS direction.
The effect of different flow waveforms and 2 METHODS proximal artery flow conditions on distal end-to-side anastomotic haemodynamics has been studied by 2.1 Modelling and simulation many authors [10, [21] [22] [23] [24] [25] ; however, quantitative
The authors have used simplified geometry ( Fig. 1 ) comparison of the results of the coronary studies for the vessels of the distal LIMA to LAD anastomosis is difficult because of the non-uniform treatment and graft angles of 20, 40, and 60°for the analysis of of graft and artery flows. Blood was treated as a flow and WSSs around the heel and toe, and across Newtonian fluid in each of the above studies. The the bed of the native artery. The internal diameter influence of artery curvature on haemodynamics for the LAD was taken to be 3 mm with a graft-artery has been studied, particularly in relation to flow diameter ratio of 1 : 1. A small 0.3 mm-radius fillet through the right coronary artery (RCA) [13, 16, [26] [27] was included from the heel to the toe along the and the left coronary artery [28] . Non-uniform distrijunction between the graft and artery to avoid butions of wall shear stress and strong secondary introducing an unrealistic sharp edge along the flows have been reported. Zeng [29] used synsuture line. The simplified geometry ( Fig. 1 ) may be chronized data from biplane cineangiography and an inadequate representation of a free aortocoronary in vivo flow waveform measurements for the RCA to graft anastomosis where local curvature of the evaluate the effects of mean static curvature and graft walls and bulging result in strong secondary cardiac-induced dynamic changes in curvature on flows [35] in the anastomosis and the distal native the haemodynamics of the right coronary system. segment. However, in this study of the in situ LIMA However, the dominance of flow pulsation over the graft to the LAD, the authors' primary variable was effect of changing artery curvature on the WSS distrithe angle between the graft inflow and the floor of butions led Zeng and his co-authors to conclude that the native artery. a static model with a physiologically realistic flow A series of solid models was constructed and waveform was adequate for approximating the WSS typically meshed with 143 500 nodes and 589 000 environment in the RCA. One therefore concludes tetrahedral volume elements surrounded by a thick that physiological pulsatile flow waveforms and six-layer inflated boundary of 110 000 triangular correct static anastomotic geometry are prerequisites prisms. Mesh controls were applied to grade the for conducting consistent clinically relevant simuelements along the suture line and along the centre lation of flow haemodynamics in CABGs. Dynamic line of the inlet and outlet artery segments changes in wall structure and position arising adequately to resolve both the WSSs around the toe from cardiac movement [30] and distensible walland heel and the transverse velocity profiles over the mechanics [7, 9] may then be added to refine the artery cross-sections. The walls were assumed to be modelling when studying distortion and stressing of rigid and no-slip boundary conditions were applied at the walls of the graft, anastomosis, and native the vessel walls. The mean Reynolds number Re D was 121 for the graft and 25.4 for the proximal native segment based on graft and artery diameters of 3 mm. The pulse rate was taken to be 75 beats/min (T=0.8 s) and the Womersley number a was 2.2
where D is the artery diameter, n is the kinematic viscosity of blood, and T is the period of the cardiac cycle.
Solution procedures
The solutions of the three-dimensional timedependent Navier-Stokes equations were obtained using computational fluid dynamics (CFD) software [37] based on the finite volume method and an iterative coupled-equation solver for both steady inlet flow at the maximum cyclic flowrate and for pulsatile inlet flow. Fully developed (Hagen-Poiseuille) velocity Pulsatile flow modelling was carried out for three different anastomotic angles, 20, 40, and 60°, starting from the respective converged steady state solutions as the initial condition for the first pulsatile simulation stage (0.45-0.8 s). Time-dependent simulation was then continued, one cycle at a time, for a further two complete cardiac cycles. The results presented later are for the second complete cycle.
Fixed time steps of 0.002 s were used with a fully fields was similar for all model junctions (Fig. 4) ; WSS=|t E w | however, the size of the zone was restricted at higher anastomotic angles by the junction shape. Flow entering the distal native segment was also disturbed. TAWSS= 1
While the core flow and the flow along the artery bed were directed downstream, recirculating flow The OSI for the three-dimensional geometry is given extended downstream from the toe along the near as [16] wall surface and produced highly asymmetric velocity profiles, particularly for the 60°junction model.
However, the feature of a disturbed velocity field disappeared during the period t=0.06 s to t=0.16 s where t E w is the instantaneous WSS vector. as the flows accelerated during this systolic phase The WSS values along the Y-Z central plane of the cycle. The small systolic competitive flow through the anastomosis were extracted from the through the native artery peaked and decelerated simulation results every 0.02 s. The position along sooner than the inflow from the graft (Fig. 2) . As the the z coordinate axis was made dimensionless with flowrate stalled, surface flow along the wall of the respect to the artery diameter, i.e. z/D, with z=0 proximal segment temporarily reversed direction and corresponding to the position of the toe (Fig. 1) . WSS changed the velocity field around the heel. A smaller patterns were analysed along the longitudinal central recirculation zone reformed in the anastomosis plane through the bed, the heel, and the toe of the behind the flow entering from the graft. Contour anastomosis.
plots of the flow for the 60°junction are provided in Fig. 5 to indicate the very small magnitude of the velocities during this initial period, particularly in 3 RESULTS the proximal native segment. During early stages of the cycle, (t=0-0.3 s) the
Flowfields
shear stresses at the artery wall and anastomosis continually changed in direction as shown in the Figure 4 shows the velocity vectors for the central longitudinal section through the bypass junction normalized WSS vector plots ( Fig. 6 ). WSS contour plots ( Fig. 7) show the variation in WSS magnitude (the Y-Z plane) for anastomotic angles of 20 and 60°. Fig. 4 (60°angled junction) ( Fig. 8 ) extended from the toe around the curved (Fig. 7) . Please note that the vectors shown in Fig. 6 native artery walls to the bed of the anastomosis. For are the WSS directions applied to the fluid domain the 60°junction a small zone of reversed surface flow boundary, i.e. the reverse of those applied to the occurred on the near wall at the toe. The quasiartery wall. A quantitative assessment has been made steady flow pattern persisted until late in the cycle of the TAWSS along the central plane of symmetry. when the graft and native artery flows decelerated Values of TAWSS were calculated and plotted ( Fig. 9 ) toward zero flowrates and complex disturbed patterns along the walls of the native artery and along the of flow began once again at the beginning of the graft (i.e. around the toe, and around the heel) and next cycle. also along the bed for each of the anastomotic angles 20, 40, and 60°.
Wall shear stresses (WSS and TAWSS)
The variation in TAWSS along the bed of the native artery [ Fig. 9(a) ] was smooth and continuous for all The WSS vectors over the artery walls continually changed in direction ( Fig. 6 ) and in magnitude cases with peak values occurring downstream of The effect of angle on wall shear stresses Fig. 5 (Continued) the toe (0.75<z/D<1.0). The maximum value and and the toe and affects the local flow characteristics. This was reflected in the peak values of TAWSS at downstream location of the peak TAWSS increased with the anastomotic angle. Stagnation occurred at these locations [Figs 9(b) , (c)] where the effect of the anastomotic angle is reversed at the heel when the heel for almost the entire pulse cycle but the stagnation point(s) continually changed position compared with the toe. TAWSS has been calculated along the graft and along the boundary. TAWSS reached a maximum at the end of the graft wall and rapidly fell along the artery segments remote from the anastomosis. Mean values of 1.64 Pa (16.4 dyne/cm2) and 0.34 Pa fillet radius at the heel [ Fig. 9(b) ]. Anastomotic angle directly influences the surface profile around the heel (3.4 dyne/cm2) were obtained for the graft and The influence of anastomotic angle on TAWSS along the extended distal native segment is negligible well downstream (z/D=15) approaching the exit plane as shown in Fig. 9(a) .
Oscillatory shear index (OSI)
The variations of OSI have been calculated for points along the walls of the native artery and the along the graft (i.e. around the toe, and around the heel) and also along the anastomotic bed for each of the anastomotic angles 20, 40, and 60°. The OSI plots [ Fig. 10(a) ] were sensitive to the position of stagnation points that formed along the bed of the native artery and the locations of the maximum values reflected the effect of anastomotic angle on the flowfield. Very high localized values of the OSI were obtained at the heel and the toe [Figs 10(b), (c)] for the largest anastomotic angle of 60°. The peak OSI values at the toe [ Fig. 10(c) , 60°] defined a small region on the far wall of the distal segment wall where the velocities, and the WSSs, were backward directed for more than 50 per cent of the cycle time.
DISCUSSION
The haemodynamics of graft and artery flows surgery. It is noted that the native proximal segment in the present work provided a small blood flow in competition to that provided by the graft and this is reflected in the flowfields early in the cardiac cycle. The effect of WSS on the endothelium is a crucial factor in the various hypotheses put forward to explain the development of intimal thickening [14] [15] [16] . Low WSS values are usually associated with oscillation in direction. The correlation between coexisting WSS parameters, OSI and TAWSS, and the disease has not really been separated definitively in the literature. It is clear that disturbed flow and non-uniform distributions of WSS result in pronounced variations in Fig. 9 indicate that the sustained TAWSS Along the floor of the native artery the primary effect of increased anastomotic angle, 20-60°, is the values along the bed and the graft wall at the toe of the anastomosis were significantly elevated above reduction in the length of the bed from 3.4 to 1.3 diameters respectively. Consequently, the rates of the values at the walls remote from the junction. Low TAWSS values [ Fig. 9 (c)] were found along the change along the bed for each of the haemodynamic parameters, OSI and TAWSS, increased as the angle far wall of the distal native segment near the toe, for 40 and 60°anastomotic angles. The OSI values, increased.
Contrary to the broader variations along the being influenced by oscillating (or negative) WSS directions, were highly elevated along the bed and at anastomotic bed, the distributions down the graft wall and around the heel and the toe show discrete the heel for all anastomotic angles and also at the toe for the higher angled junctions. The OSI was not maxima in the time-averaged values of the WSS. While the OSI is high because of the movement of significantly elevated at the toe for the 20°junction because of the more streamlined wall profile.
the stagnation point(s) the corresponding peak TAWSS values are also high to very high, depending The results of the present study correlate well with the results of steady-flow finite element model on the location and the anastomotic angle. The present results do not provide a direct causal simulations [22, 32] and in vitro studies [21, 31] . Particularly, the occurrence of the recirculation zone connection between the calculated haemodynamic parameters and the development of intimal hyper-in the anastomotic domain and the corresponding oscillatory or negative WSSs and stagnation points plasia. However, the quite dramatic changes in TAWSS and OSI around the heel, the toe, and across on the anastomotic bed. Higher anastomotic angles increased both the positive and negative peak the anastomotic bed do suggest that WSS variations may have an important role in the focal development WSSs. Peak, positive values of WSS that occur on the outer graft wall at the toe for all anastomotic of distal anastomotic intimal hyperplasia. angles [32] were demonstrated in the present work. The accompanying negative WSS and recirculation at the far native artery wall near the toe for a 60°5 CONCLUSIONS junction [22, 32] also occurred in the present pulsatile simulation for the 60°junction at peak flowrate and OSI was a consistent indicator of localized wall regions during deceleration following the diastolic peak. This subject to highly disturbed flow and oscillatory is consistent with the low Womersley number of the shear stresses along the central plane through the pulsatile flow, 2.2. The very localized recirculation anastomosis models. However, OSI values have not in the present work may be attributed to the low been computed over the entire three-dimensional mean component of the inlet graft flow, Re D =121; surface of the artery walls. The results indicate that however, the recirculation resulted in peak OSI values both high (60°) and low (20°) anastomotic angles lead at the toe [ Fig. 10(c) ].
to localized regions of increased flow disturbance The transient influence of pulsatile flow was most that may contribute to the focal development of pronounced at those times during the cycle when intimal hyperplasia. However, the physiological flowthe native artery and/or graft flowrates sharply waves and mean flowrates through the native artery decelerated toward small values, i.e. at the beginning and graft have been assumed to remain invariant and end of the cycle and toward the end of systole.
with changes in anastomotic angle. Reverse flows along the surface of the native artery and the graft, also shown in the work [23] result in rapidly changing flowfields around the heel of the ACKNOWLEDGEMENT junction, along the bed of the anastomosis, and in the proximal regions of the anastomotic domain. This
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